The transmembrane domain of the nicotinic acetylcholine receptor (nAChR) is predominantly a-helical, and of the four distinctly different transmembrane M-segments, only the helicity of M1 is ambiguous. In this study, we have investigated the conformation of a membraneembedded synthetic M1 segment by solid-state nuclear magnetic resonance (NMR) methods. A 35-residue peptide representing the extended aM1 domain 206-240 of the Torpedo californica nAChR was synthesized with specific 13 C-and 15 N-labelled amino acids, and was incorporated in different phosphatidylcholine model membranes. The chemical shift of the isotopic labels was resolved by magic angle spinning (MAS) NMR and could be related to the secondary structure of the aM1 analog at the labelled sites. Our results show that the membrane-embedded aM1 segment forms an unstable a-helix, particularly near residue Leu18 (aLeu223 in the entire nAChR). This nonhelical tendency was most pronounced when the peptide was incorporated in fully hydrated phospholipid bilayers, with an estimated 40-50% of the peptides having an extended conformation at position Leu18. We propose that the conserved proline residue at position 16 in the aM1 analog imparts a conformational flexibility on the M1 segments that could enable membrane-mediated modulation of nAChR activity. D
Introduction
The nicotinic acetylcholine receptor (nAChR) is the most prominent member of the superfamily of ligand-gated ion channels that are involved in neurotransmission [1, 2] . The nAChR from the electric organ of the electric ray Torpedo californica consists of a ring of four different subunits that are arranged as a a 2 hgy pentamer around a central axis perpendicular to the membrane, forming a cation-selective ion channel which regulates nerve impulse transduction [3] . Each subunit traverses the membrane with four hydrophobic polypeptide segments, M1-M4, and significant sequence homology exists between analogous M-segments of the a, h, g and y chains [4] . The five M2 segments line the aqueous channel pore and are surrounded by the M1, M3 and M4 segments, which are in contact with the lipid matrix of the synaptic membrane [5, 6] .
In the absence of a high-resolution structure of the nAChR, the conformation of the transmembrane M-segments, originally predicted to constitute four-helix bundles [4, 7] , has remained controversial. From cryoelectron microscopy images, Unwin [3] initially constructed a 9-2 in resolution structure in which the M2 segments were identified as a-helices and the other M-segments seemed part of a hbarrel. However, infrared spectroscopy indicated that the transmembrane nAChR domain consists mainly of a-helices and not of h-sheets [8, 9] . Also Trp and Cys substitution and labelling experiments with membrane-or pore-delivered probes identified M2, M3 and M4 as a-helices [10] [11] [12] [13] . Only for the (a)M1 segment was the labelling pattern inconsistent with a well-defined helical conformation [10, 12] , and it was postulated that M1 is kinked or otherwise deformed in the region of the proline residues [14] . Most recently, Unwin presented a refined structure of the transmembrane domain with a resolution of 4 2, in which all the M-segments appear as undistorted a-helices [5] .
The secondary structure of individual transmembrane nAChR segments also has been investigated using isolated or synthetic M-segments instead of the entire protein.
Membrane-reconstituted proteolytic digests, containing one or more M-segments, were shown to be predominantly (N80%) helical by infrared and circular dichroism (CD) spectroscopy, with the exception of aM1, for which only an overall helicity of about 60% was apparent [15] . Furthermore, a synthetic yM2 peptide was demonstrated by solidstate nuclear magnetic resonance (NMR) methods to be an undistorted a-helix in model membranes of phosphatidylcholine lipids in which tetramers of M2, but not of the other M-segments, form functional cation-selective pores [16] . Solution NMR studies have shown that synthetic M3 and M4 peptides also form well-defined a-helices in membranemimicking environments [16] [17] [18] [19] .
It thus appears that of the four distinctly different transmembrane segments, only M1 may contain non-helical elements or form an unstable helix, which would render M1 sensitive to conformational changes that could play a role in the regulation of channel activity. Therefore, we studied a 35-residue peptide corresponding to the extended M1 sequence of the a subunit of the T. californica nAChR ( Fig. 1 ) in phospholipid membranes. We demonstrated previously that this aM1 analog strongly interacts with model membranes, ordering lipid acyl chains and inducing the formation of small vesicles, possibly through modification of the bilayer lateral pressure profile. However, some lipid compositions, e.g., phosphatidylcholine/cholesterol, were found to retain a multilamellar vesicle morphology in the presence of this aM1 peptide [20] . Lipid acyl chain ordering and a lipid-dependent modulation of conformational equilibria have also been observed in reconstitution studies of the entire nAChR [21] , highlighting the benefits of studying transmembrane protein segments in a bilayer rather than a micellar environment.
In the present study, we investigated the secondary structure of a specifically labelled aM1 analog incorporated in different phosphatidylcholine model membranes. 13 C and 15 N magic angle spinning (MAS) NMR spectra indicated that several labelled sites in the peptide can have either a helical or a non-helical conformation, most notably at Leu18 (aLeu223 in the nAChR). This residue is in proximity to the conserved central proline at position 16 of the aM1 segment, and we propose that the presence of this membrane-embedded Pro residue confers a conformational flexibility on M1 that distinguishes it from the other Msegments of the T. californica nAChR, which, with the exception of yM4 [5] , do not contain Pro residues in the transmembrane stretch.
Materials and methods
The specifically labelled amino acids l-leucine-1-13 C and l-phenylalanine-3-13 C were obtained from Cambridge Isotope Laboratories (Andover, MA), l-leucine-2-13 C from Isotec (Miamisburg, OH) and l-isoleucine-15 N from Spectra Stable Isotopes (Columbia, MD). All phospholipids were purchased from Avanti Polar Lipids (Alabaster, AL), and the anaesthetic halothane (2-bromo-2-chloro-1,1,1-trifluoroethane) from Aldrich (St. Louis, MO).
Peptide synthesis
The peptide sequence, H-Ile-Nle-Gln-Arg-Ile-Pro-Leu[2-13 C]-Tyr-Phe-Val-Val-Asn-Val-Ile[ 15 N]-Ile-Pro-Cys-Leu[1-13 C]-Leu-Phe-Ser-Phe-Leu-Thr-Gly-Leu-Val-Phe[3-13 C]-Tyr-Leu-Pro-Thr-Asp-Ser-Gly-OH, representing the aM1-segment amino acid sequence 206-240 (230-264 when including the signal sequence) of the nAChR of T. californica [7] , was synthesized using Fmoc chemistry as described earlier [20] . However, the labelled amino acid derivatives (two equivalents) were coupled with N-[(dimethylamino)-1H-1,2,3-triazolo[4,5]-1-yl-methylene]-N-methylmethanaminium hexafluorophosphate/N-hydroxy-7azabenzotriazole [22, 23] , in the presence of four equivalents of N,N-diisopropylethylamine in N-methylpyrrolidone. After the applied coupling time of 16 h, no free amino functionalities could be observed by the Kaiser test [24] . Following size exclusion chromatography, peptide purity as determined by analytical HPLC [20] exceeded 90%. The Fig. 1 . Amino acid sequence of the 35-residue aM1 peptide with residue numbering as in the nAChR a subunit; labelled residues are marked with an asterisk and proline residues are underlined. Residues in contact with the hydrophobic membrane core (continuous line) and with the lipid headgroups (dotted line) are indicated according to (a) sequence analysis and (b) the structural model of the nAChR pore [5] . calculated average (M+H) + mass of the peptide is 3977.86, and a value of 3977.23 was found by mass spectrometry.
Sample preparation
The aM1 peptide was dissolved in 20 Al of trifluoroacetic acid per milligram of peptide. Subsequently, the excess solvent was evaporated by a stream of nitrogen, and the resulting peptide film was redissolved in 0.5 ml of trifluoroethanol. This peptide solution was added to 0.5 ml of a phospholipid solution in trifluoroethanol, followed by addition of 15 ml of distilled water and overnight lyophilization to remove the organic solvents. This method ensures that hydrophobic peptides and lipids are mixed on a molecular level and that multilamellar vesicles are formed prior to lyophilization [25] . Normally, 3 Amol of peptide and 90 Amol of phospholipid were used for NMR experiments. Control samples with only peptides (20 Amol) or only lipids (80 Amol) were also prepared following this procedure.
Circular dichroism spectroscopy
Samples with a 1:30 peptide/lipid molar ratio (containing 0.3 Amol of peptide) were prepared as described above and were hydrated in 1 ml of distilled water. Subsequently, samples were sonicated (2 min, 25% duty cycle, input power of 40 W, Branson 250 tip sonicator) to obtain unilamellar vesicles, and centrifuged (5 min, 12,000Âg) to pellet down titanium particles and any residual multilamellar structures. Part of the clear supernatant fraction was diluted with distilled water, resulting in an aM1 concentration of 0.1 mM. CD spectra of these diluted samples were recorded on a Jasco J-810 spectropolarimeter (Jasco International Co. Ltd., Tokyo, Japan) equipped with a CDF-426S temperature controller (1-mm path length cell, 0.5-nm data pitch, 0.5-s response time, 20 nm/min scan speed, 1-nm bandwidth, 34 8C). To obtain aligned multilayers, 150 Al of undiluted supernatant fraction was spread out on the side of a quartz cuvette and the excess water was removed with a nitrogen flow. Oriented CD spectra were recorded to confirm a transmembrane peptide topology [26] . Spectra were corrected for the contribution of the lipids and smoothed.
NMR measurements
Lyophilized peptide/lipid powders (containing 3.0 Amol of peptide) were packed into 5-mm silicon nitride rotors (Doty Scientific, Columbia, SC); during this procedure, samples with POPC, DMPC or DTPC formed a gel-like paste due to the absorption of atmospheric water. After initial NMR measurements, samples were explicitly hydrated by adding 75-100 Al of distilled water to the material in the rotor, resulting in an approximate membrane/ water ratio of 1:1 (w/w), and followed by homogenization (manual stirring) and 10 cycles of freeze-thawing. Halothane was added by injecting 25 Al of a 0.4 M solution of halothane in water into an already hydrated sample, followed by rapid homogenization, air-tight closure of the rotor, and repeated freeze-thawing. Solid-state NMR measurements were performed on a Varian Inova 300 (Varian, Palo Alto, CA) equipped with a 5-mm-diameter Doty Scientific MAS probe. The operating frequencies were 30.41 MHz for 15 N, 75.45 MHz for 13 C, 121.46 MHz for 31 P, and 300.04 MHz for 1 H. 13 C NMR spectra were obtained under cross polarization and MAS conditions (6-kHz spin rate, 4096 complex data points, 3-s delay time, 50-kHz spectral width, proton 4.4 As k/2 pulse with a decoupling power of~70 kHz, 2-ms contact time). Typically, 20 000 scans were accumulated and a 10-Hz line broadening was applied after zero-filling to 8192 points and prior to Fourier transformation. 15 N MAS NMR spectra were recorded under similar conditions (6-kHz spin rate, 4-s delay time, 30-kHz spectral width, 1.25-ms contact time, proton 6.5 As k/2 pulse with a decoupling power of~40 kHz), with accumulation of 15 000-20 000 scans and a 40-Hz line broadening. To characterize the macroscopic lipid organization, broadline 31 P NMR spectra were obtained from static samples (3.5 As k/2 pulse, 4096 complex data points, 1.5-s delay time, 50-kHz spectral width,~70-kHz proton decoupling), typically with accumulation of 3000 scans, zero-filling to 8192 points, and a 100-Hz line broadening. 13 C MAS NMR spectra were referenced to hexamethylbenzene powder (17.0 and 131.9 ppm), 15 N MAS NMR spectra to l-isoleucine-15 N powder (41.4 ppm, corresponding to 0 ppm for liquid 15 NH 3 ), and 31 P NMR spectra to an aqueous solution of 85% H 3 PO 4 (0 ppm).
Results

Conformation and topology of aM1 in model membranes
The conformational behavior and membrane-association properties of aM1 ( Fig. 1) were characterized by CD spectroscopy. In the absence of lipid, no significant signal was observed because the hydrophobic peptide is insoluble in aqueous solution, and consequently, the spectrum of aM1 in the presence of DTPC vesicles (Fig. 2 , curve a) corresponds exclusively to membrane-associated peptide. The line shape of this spectrum, with minima near 222 and 210 nm, a maximum near 196 nm and a cross-over point at 204 nm, is indicative of a peptide that is predominantly ahelical [27] . Similar spectra were obtained for aM1 in the presence of DMPC (curve b) and POPC (curve c). It can be estimated from theoretical reference spectra [27] that aM1 incorporated in these PC bilayers consists of 60-70% ahelical elements and 30-40% h-extended elements. The considerable percentage of extended conformation most likely originates from unstructured N-and C-termini, as observed in high-resolution NMR structures of extended transmembrane peptides in micelles (e.g., Ref. [28] ), and as suggested from preliminary 2D 1 H NMR data of micelleembedded aM1 (results not shown). The CD spectrum of aM1 in aligned multilayers of DTPC (curve d) does not show a minimum around 210 nm, and the other minimum, the maximum and the cross-over point, have all shifted to longer wavelengths. This line shape is characteristic for a helix with its long axis parallel to the incoming light [29] , implying a transmembrane orientation of the aM1 peptide in PC bilayers and a helical conformation of the residues that are embedded in the bilayer hydrophobic core.
Conformation of aM1 at specific sites
To investigate the local conformation of the peptide in PC bilayers, the 35-residue aM1 peptide employed in this study was specifically labelled at four positions. Sequence analysis indicates that the labelled residues 13 C a -Leu07 and 13 C h -Phe28 would be expected to be in contact with the membrane-water interface on either side of the bilayer, whereas the residues 15 N-Ile14 and 13 CMO-Leu18 should be deeply buried in the hydrophobic membrane core (Fig.  1 ). 13 C and 15 N NMR spectra were acquired using MAS, to remove the chemical anisotropy and to suppress the dipoledipole interaction inherent in NMR of membrane systems, in combination with cross polarization from protons to enhance the signal intensity of 13 C and 15 N nuclei [30, 31] . 15 N MAS NMR spectra of aM1 in the absence and presence of lipids are depicted in Fig. 3 . The spectrum of aM1 as a lyophilized powder without lipids (Fig. 3A) was characterized by two overlapping signals of about equal intensity at 118.7 and 126.7 ppm. Since the peptide contains only a single 15 N-label, the observation of two distinct resonances most likely reflects the presence of two peptide populations, which differ in secondary structure at the position of the 15 N-labelled Ile14 residue. Shoji et al. [32] investigated the relationship between 15 N chemical shift and peptide conformation for a series of homopolypeptides with different secondary structures. For powder of poly-Leu, values of 117.7 and 127.7 ppm (w.r.t. liquid 15 NH 3 ) were observed for the a-helix and h-sheet conformation, respectively, while a value of 126.8 ppm was found for powder of poly-Ile in a h-sheet conformation [32] . These data indicate that the two resonances observed for aM1 powder correspond to 15 N-Ile14 in a-helix and h-extended conformations, implying that the secondary structure of aM1 in the absence of lipid is not defined, as may be expected for a hydrophobic peptide. In the presence of the lipids DSPC or POPC, however, the resonance near 118 ppm dominates the spectrum (see Fig. 3B-C) , demonstrating that the lipid matrix imposes an a-helical conformation on aM1. Note that the aM1/DSPC sample is a dry lyophilized powder, but that the lyophilized aM1/POPC (unsaturated lipid) sample has absorbed a considerable amount of atmospheric water. The higher water content results in an increase in molecular motion, but reduces the efficiency of cross polarization [30, 31] , which is reflected in the lower signal-to-noise ratio of the aM1/POPC and aM1/DMPC (not shown) spectra in comparison to the aM1/DSPC spectrum. 13 C MAS NMR spectra of the aM1 systems discussed above are shown in Fig. 4 . The pure peptide sample gives rise to three main resonances near 175, 55 and 40 ppm, corresponding to the 13 CMO-Leu18, 13 C a -Leu07 and 13 C h -Phe28 labels, respectively (see Fig. 4A ). Analogous to the situation with the 15 N-Ile14 residue, the 13 CMO-Leu18 and 13 C a -Leu07 resonances are each split into two overlapping peaks, which correspond to different conformations of aM1 at the labelled sites. Saitô [33] reported chemical shifts of 175.8 (CMO) and 55.8 ppm (C a ) for the a-helical, and 171.3 (CMO) and 51.2 ppm (C a ) for the h-sheet conformation of lyophilized poly-Leu peptides. These values correspond well to the observed resonance positions of the 13 CMO-Leu18 label (176.6 and 172.7 ppm) and the 13 C a - Leu07 label (56.3 and 52.1 ppm) of the aM1 peptide, confirming the notion that in the absence of lipids, aM1 does not adopt a well-defined secondary structure. The 13 C h -Phe28 residue gave rise to only a single broad signal around 39.4 ppm, and although a value of 39.3 ppm has been reported for a-helical poly-Phe peptides [33] , due to spectral overlap, only the CMO and C a resonances were used to probe the local secondary structure of membraneincorporated aM1. The 13 C MAS NMR spectra of aM1/ DSPC and aM1/POPC (Fig. 4B-C) are dominated by the natural abundance signals from the lipid components, which partially overlap with the resonances of 13 CMO-Leu18 and 13 C a -Leu07. However, peptide and lipid resonances can be distinguished since the lipid resonances are narrower because of the relatively fast axial reorientation of the lipids, especially in the more fluid POPC and DMPC samples with a comparatively high water content. By comparison to the spectra of peptide-only and lipid-only ( Fig. 4D ) samples, we estimate that only the a-helical spectral component of the 13 C a -Leu07 label significantly contributed to the aM1/PC spectra. However, in the aM1/ POPC and aM1/DMPC (not shown) spectra, the peaks around 175 ppm can be interpreted as two relatively broad signals from 13 CMO-Leu18, with greater intensity at 176 than at 172 ppm, in combination with a relatively narrow resonance from the lipid carbonyls at 172 ppm. It thus seems that upon association with PC bilayers, aM1 attains a well-defined a-helical conformation around Leu07 (and Ile14), but that Leu18 belongs to a region that can also exist in a more extended conformation.
Conformation of aM1 in fully hydrated multilamellar vesicles
We reported in an earlier wide-line 31 P and 2 H NMR study that the aM1 analog induces a slow conversion from large multilamellar vesicles to significantly smaller vesicles, an effect that becomes more pronounced upon increased water content [20] . After performing the 15 N and 13 C MAS NMR measurements described above, we therefore assessed the macroscopic lipid organization of the aM1/PC samples by wide-line 31 P NMR [34, 35] . The corresponding spectra (not shown) indeed indicated that some lipids were not present as large multilamellar vesicles, as evident from spectral components with a reduced chemical shift anisotropy. The increased curvature of lipid bilayers in vesicles with a significantly reduced size can be reflected in a different bilayer lateral pressure profile, which may affect the conformation of a transmembrane peptide. Consequently, the aM1 analog was studied in more detail in vesicles of DTPC for the reason that DTPC bilayers retain the multilamellar morphology in the presence of aM1 [20] . As an additional advantage, this ether-linked lipid enables estimation of the relative intensities of the 13 CMO-Leu18 signals at 176 and 172 ppm without the complicating spectral contribution from the lipid ester carbonyl moieties [36] .
As shown in Fig. 5A , in the 13 C MAS NMR spectrum of lyophilized DTPC powder, which has absorbed some atmospheric water, lipid resonances are indeed observed only between 0 and 80 ppm. Consequently, the resonances at 176 and 172 ppm in the spectrum of lyophilized vesicles of aM1/DTPC (Fig. 5B) correspond exclusively to the different conformations of 13 CMO-Leu18. As judged from the relative intensities of these signals, 60-70% of the peptides are a-helical near Leu18, while the remaining population is in a more extended conformation in this part of aM1. In contrast, the intensity distribution between 56 and 52 ppm indicates that at least 90% of the peptides are helical near Leu07, and the same can be concluded from the 15 N MAS NMR spectrum (not shown) for the Ile14 position.
Upon hydration of the aM1/DTPC system, however, the intensity of the 13 C resonances at 172 and 52 ppm increased (see Fig. 5C ), indicating that a larger proportion (~40-50%) of the peptides is non-helical at Leu18 and that also an estimated 30% of the peptide population is now in an extended conformation at Leu07. The corresponding 15 N MAS NMR spectrum (not shown) indicated that the ahelical component of the 15 N-Ile14 label is still dominant, but quantification of signal intensity was not possible due to the low signal-to-noise ratio of the spectrum. The corresponding 31 P NMR spectrum (not shown) with a chemical shift anisotropy of 36 ppm was typical of fully hydrated multilamellar vesicle dispersions in the biologically relevant liquid-crystalline phase [34, 35] . In fact, given that the relative intensities of the Leu18 and Leu07 resonances in the 13 C MAS NMR spectra of aM1/DTPC ( Fig. 5B ) and aM1/ POPC (Fig. 4C ) are very similar, whereas the 31 P NMR chemical shift anisotropies of the two samples differ by a factor of two (spectra not shown), the conformation of aM1 does not seem to be modulated by the vesicle morphology.
For the hydrated aM1/DTPC bilayers, we investigated the effect of adding an anaesthetic on the secondary structure of aM1 at the Leu18 and Leu07 positions. The volatile anaesthetic halothane was injected into the hydrated aM1/DTPC sample, with a nominal halothane concentration of 0.1 M, which corresponds to a halothane/lipid molar ratio of 1:10 and a halothane/peptide ratio of 3:1, although some halothane would have evaporated during sample mixing. The 13 C MAS NMR spectrum of hydrated aM1/DTPC with halothane (not shown) exhibited a small increase in signal intensity at 172 and 52 ppm, suggesting that the anaesthetic had little effect on the proportion of aM1 peptides that are in a non-helical conformation. As with increasing hydration, any increase in extended structure could be attributed to changes in the physical properties of the bilayers such as a decrease in membrane order as has been previously observed for general anaesthetics [37] .
Discussion
The aM1 analog employed in this study not only covers the hydrophobic residues predicted to be in contact with the membrane core ( Fig. 1) , but also the more polar flanking residues which typically interact with the lipid headgroups [4, 38] . This extended aM1 analog was shown by CD to have an overall helical content of about 65% in unilamellar PC vesicles in excess water, in agreement with the~60% overall helicity estimated for the vesicle-reconstituted proteolytic digest a210-242 [15] . Oriented CD measurements suggested that the aM1 segment traverses the hydrophobic membrane core as an a-helix, most likely with disordered ends on both sides of the bilayer. Our MAS NMR data indicated that, as a lyophilized powder, the entire aM1 peptide is not well structured, but that upon incorporation in a range of PC bilayers, the peptide attained a predominantly a-helical conformation at the labelled sites in the transmembrane stretch. However, we observed that the extent of helicity depends on the water content, most likely because the bilayer becomes more fluid and less ordered with increasing hydration.
Notably, at the more biologically relevant full hydration, populations of the aM1 analog with different conformations coexist. Although in multilamellar vesicles of DTPC the majority of the peptides were found to have an a-helical conformation at the labelled sites Leu07, Ile14 and Leu18, which correspond to residues aLeu212, aIle219 and aLeu223 of the nAChR (Fig. 1) , a significant peptide fraction appeared to be non-helical at these positions. The largest percentage of non-helicity, an estimated 40-50%, was observed for residue Leu18. We construe that the large fraction of aM1 peptides with non-helical structural elements still exhibits a transmembrane topology. This is based on the observation that the relative resonance intensities are consistently different for the membrane samples than for the aggregated peptide powder ( Figs. 3  and 4 ), and that aM1 significantly orders the lipid acyl chains of fully hydrated DMPC bilayers [20] , whereas partially inserted surface-associated peptides generally cause a disordering of the acyl chains [39] .
In contrast to our observations for aM1, deviations from helicity have not been reported for synthetic M2, M3 and M4 analogs in membranes or membrane mimicking environments [16] [17] [18] [19] . However, the results of our model system study are in agreement with experiments on the entire nAChR receptor, which show that (only) for M1 the pattern of photolabelling is not consistent with a welldefined a-helical structure [10] [11] [12] . Because labelling patterns ruled out a h-sheet conformation for aM1 near Leu223 [10, 12] , the non-helical signal observed by MAS NMR for the Leu18 position in our synthetic analog probably represents a local distortion within an overall helical structure. It is interesting in this respect that a minor disruption of the a-helical conformation, in the form of a short stretch of 3 10 -helix, has recently been reported for the aM3 segment [40] . For the aM1 peptide, the non-helicity near Leu18 could well be induced by the proline residue at position 16. A proline and about four surrounding residues typically form a kink in the transmembrane stretch with an angle that can vary between 58 and 608, and these hinge regions are thought to play a key role in membrane proteins because of their expected inherent flexibility [41, 42] . Preliminary two-dimensional 1 H NMR spectra of aM1 in perdeuterated SDS and DPC micelles were characterized by broad and low-intensity resonances (spectra not shown), which could indeed be consistent with a flexible peptide undergoing conformational exchange.
In the entire receptor, the presence of the other Msegments will impart a different, most likely more restricted, conformation on aM1 than in the case of an isolated peptide. However, in the most recent structural model of the nAChR transmembrane region, the helical Msegments are rather loosely packed, an arrangement that facilitates the segment rotations involved in the gating mechanism. The outer ring of M1, M3 and M4 helices appears to be in extensive contact with the lipid matrix, as well as these M-segments being largely separated by waterfilled cavities from the inner ring of M2 helices [5] . Conformational equilibria of the nAChR are not only controlled by the binding of acetylcholine, but are also modulated by the lipid composition of the membrane [21, 43] , and many anaesthetics inhibit channel activity by targeting the lipid-exposed M-segments [44, 45] . The mechanism underlying these interactions is unknown, but is expected to involve a conformational change in the lipidexposed M1, M3 or M4 segments, which is subsequently transmitted to the channel-lining M2 helices. Given that the M1-segments are the only M-segments of the nAChR with a conserved proline in the hydrophobic part of the transmembrane sequence ( Fig. 1) , that an isolated aM1 peptide has distinct non-helical tendencies and may exhibit flexibility near this residue, and that the M1 and M2 segments are in close proximity at this site in the receptor [5] , we propose that the M1 segments are the most likely candidates to transmit events at the protein-lipid interface to the channel lumen through transient deviations from full helicity.
